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Dendritic cells (DCs) comprise distinct populations with specialized immune-regulatory func- 
tions. However, the environmental factors that determine the differentiation of these subsets 
remain poorly defined. Here, we report that retinoic acid (RA), a vitamin A derivative, controls 
the homeostasis of pre-DC (precursor of DC)-derived splenic CD1 1 b+CD8a~Esam'''9'' DCs 
and the developmentally related CD1 1b+CD103+ subset within the gut. Whereas mice de- 
prived of RA signaling significantly lost both of these populations, neither pre-DC-derived 
CD11b-CD8a+ and CD11b-CD103+ nor monocyte-derived CD1 1 b+CD8a-Esam'™ or 
CD1 1b+CD103~ DC populations were deficient. In fate-tracking experiments, transfer of 
pre-DCs into RA-supplemented hosts resulted in near complete conversion of these cells into 
the CD1 1b+CD8a~ subset, whereas transfer into vitamin A-deficient (VAD) hosts caused 
diversion to the CD1 1b~CD8a'^ lineage. As vitamin A is an essential nutrient, we evaluated 
retinoid levels in mice and humans after radiation-induced mucosal injury and found this 
conditioning led to an acute VAD state. Consequently, radiation led to a selective loss of both 
RA-dependent DC subsets and impaired class ll-restricted auto and antitumor immunity that 
could be rescued by supplemental RA. These findings establish a critical role for RA in regu- 
lating the homeostasis of pre-DC-derived DC subsets and have implications for the manage- 
ment of patients with immune deficiencies resulting from malnutrition and irradiation. 



All-trans— retinoic acid (RA), an activated me- 
tabolite derived from the essential nutrient 
vitamin A, plays a central role in embryonic 
and adult tissue development and homeostasis 
(BlomhofF and BlomhofF, 2006; Niederreither 
and Dolle, 2008; Napoh, 2012). By modulating 
transcriptional responses through activation of 
the ligand-induced RA receptors (RARs) and 
retinoid X receptors (RXRs), RA regulates 
pattern formation and terminal differentiation 
of pluripotent cells in organs as diverse as the 
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central nervous, cardiovascular, limb, and geni- 
tourinary systems. Recently, RA's role in mod- 
ulating tissue differentiation has been extended 
to include cells of the innate and adaptive im- 
mune systems where RA has been shown 
to serve a context-dependent regulatory func- 
tion promoting either tolerance or immunity at 
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Figure 1 . RA signaling controls splenic cDC com- 
position. Mice fed either VAD or normal (Ctrl) diets were 
left untreated or received daily (i.p.) injections of either a 
pan-RAR antagonist (220 ng BMS493) or DMSO vehicle 
Ctrl. In addition, a subset of VAD mice were injected 
(i.p.) every 48 h with 250 pg exogenous RA or DMSO Ctrl 
for a total of three doses, with analysis performed 
on day 5. Spleens (Spin) and BM were then harvested 
and analyzed by flow cytometry. (A) Absolute 
numbers of splenic cDCs (CDl1c'''9N-A/E+), including 
CDl 1 b-CD8oi+ and CD 1 1 b+CD8oi- subsets, and pDCs 
(CDnc''"B220+mPDCA1+) for the indicated groups; 
n = 3-13 mice per group. (B) Percentage of pre-cDCs 
(lin-CD11c'''9'i|-A/E-Flt3+SIRPoi'''t) in the spleen and BM 
of Ctrl and VAD mice; n = 3 mice per group. (C) Spleno- 
cytes were gated on live, CD11c*''9''l-A/E+ cells, and 
the percentages of splenic CDl 1 b+CD8a" and 
CDl1b"CD8oi+ cDCs in the indicated groups were as- 
sessed. A representative FACS plot from 7-1 1 indepen- 
dently evaluated mice per treatment group is shown. 
(D) Ratio of splenic CDnb+CD8a-/CD11b-CD8oi+ cDCs 
for the indicated groups; n = 7-11 mice per group. All 
panels shown represent pooled data from two to four 
independently performed experiments. Horizontal bars 
indicate means ± SEM of individually evaluated mice. 
**, P < 0.01 ; ***, P < 0.001 (unpaired Student's f test). 



mucosal surfaces (Mora et al., 2008; Hall et al., 2011b). For 
example, in the presence of transforming growth factor- (3, 
RA signaling can significantly augment the expression of the 
lineage-specific transcription factor forkhead box P3 to gen- 
erate suppressive extrathyniic T regulatory cells (Benson et al., 
2007; Coombes et al., 2007; Mucida et al., 2007; Sun et al, 
2007). However, RA can also promote gut-associated immu- 
nity by serving as an obligate cofactor in the induction of 
IgA-producing B cells (Mora et al., 2006), IL-1 7— producing 
T helper cells (HaU et al., 2011a; Pino-Lagos et al., 2011), 
gut-tropic CD4+ and CD8+ T cells (Iwata et al., 2004; Benson 
et al., 2007; Sun et al., 2007; Hall et al, 2011a;Aoyama et al, 
2013), IL-22— producing 78 T cells and innate lymphoid cells 
(Mielke et al., 2013), and proinflammatory conventional DCs 
(cDCs; DePaolo et al., 2011). In contrast, the function of RA 
in regulating systemic immunity is comparatively less well 
defmed despite abundant epidemiological data implicating RA 
as a key factor in preventing and mitigating infectious diseases 
(Semba, 1999). 

Here, we demonstrate that either acute or chronic depri- 
vation of RA signaling, either through dietary or pharmaco- 
logic means, causes a selective loss in the pre-cDC (precursor 
of cDC)-derived splenic CDllb+CD8a-Esam'>ish cDC sub- 
set. Additionally, we found that the developmentaUy and ge- 
netically related orthologue of this cDC subset in the small 
intestine lamina propria (SILP), the CDllb'*^CD103''' popula- 
tion, is also dependent on RA to maintain its homeostasis. 
Moreover, we found that conditions that impair dietary 
absorption of essential nutrients, such as radiation-induced 
mucosal injury, cause an acute vitamin A— deficient (VAD) 
state in both humans and mice and a corresponding selective 
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loss in the RA-dependent splenic CDllb^CD8a Esam'^s'' 
and SlLP-associated CDllb+CD103+ cDCs. Mechanistically 
these defects were not caused by a deficiency in the immedi- 
ate hematopoietic progenitor of both cDC populations, the 
pre-cDCs, or an impaired proliferative or survival potential 
of mature cDC subsets. Rather, it resulted from a failure of 
the pre-cDCs to receive an RA-dependent differentiation 
prompt that controls the fate commitment of this cell be- 
tween opposing cDC lineages. Collectively, these data provide 
new insight into environmental cues that instruct pre-cDCs 
to choose between alternative fates and further extend the 
critical role of RA in tuning immunity to include regulation 
of cDC composition within both central lymphoid and mu- 
cosal tissues. 

RESULTS 

RA signaling controls splenic cDC composition 

To determine whether chronic vitamin A deficiency caused 
immune defects in a central lymphoid organ, we performed a 
comprehensive characterization of both innate and adaptive 
immune cell subsets in the spleens of mice maintained on a 
VAD diet compared with mice fed a control (Ctrl) diet. We 
found that VAD mice exhibited a significant loss in the abso- 
lute numbers of CDllb^CD8a^ cDCs, the predominant DC 
present in the spleen under steady-state conditions which is 
specialized for class II— restricted antigen (Ag) presentation, 
relative to mice maintained on the Ctrl diet (Pooley et al., 
2001; Dudziak et al., 2007; Kamphorst et al., 2010; Markey 
et al, 2012; Gatto et al, 2013). In contrast, VAD mice had 
preserved numbers of the two other major splenic DC sub- 
populations, the CDllb^CDSa"'" cDC and plasmacytoid DC 
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Figure 2. Retinoid and rexinoid receptor 
isoform expression in splenic cDC subsets. 

(A and B) Steady-state splenic CDl 1 b+CDSa" 
and CDl 1 b-CD8a+ cDC (CDl 1cf'*l-A/E+) 
subsets were isolated by FACS sorting, and 
expression of retinoid and rexinoid receptor 
isoform expression was evaluated either 
by quantitative PCR (A) or Western blot 
analysis (B). Bars indicate means + SEM. 
*, P < 0.05; **, P < 0.01 ; ***, P < 0.001 
(unpaired Student's ttest). 



(pDC) subsets, which are speciahzed for Ag cross-presenta- 
tion and type I interferon production, respectively (Fig. 1 A; 
den Haan et al., 2000; Dudziak et al., 2007; Belz and Nutt, 
2012). The deficiency in CDllb"^CD8a~ cDCs was not at- 
tributable to a loss in the frequency or absolute numbers of 
the immediate hematopoietic progenitor of cDCs, the pre- 
cDCs (Lin-CDllc+I-A/E-Flt3+SIRPa""; Naik et al, 2006; 
Bogunovic et al., 2009; Ginhoux et al., 2009; Liu et al., 
2009), in either the spleen or BM (Fig. 1 B and not depicted). 
Moreover, VAD mice possessed no significant numeric defects 
in conventional lymphoid subsets, including B, NK, and CD4^ 
and CD8^T cells, compared with Ctrl mice (not depicted). 

Because mice chronically deprived of vitamin A have 
multiple developmental defects (Blomhoff and Blomhoff, 
2006), we also tested whether acute deprivation of RA signal- 
ing in Ctrl mice using BMS493, a pharmacologic antagonist 
for all three RAR isoforms (Germain et al., 2009), could phe- 
nocopy the splenic cDC defect observed in VAD mice. We 
found that a 9— 10-d course of BMS493 administered by daily 
i.p. injection caused a significant loss in the absolute numbers 
of the CDllb+CD8a- cDCs but not CDllb^CD8a+ cDCs, 
pDCs, or conventional lymphoid subsets, recapitulating the 
findings made in the VAD mice (Fig. 1 A). Consistent with 
earlier studies (Kuwata et al., 2000; Kastner et al., 2001), mice 
deprived of RA signaling exhibited a generalized expansion 
of macrophages and granulocytes in peripheral tissues (not 
depicted), suggesting that RA may serve a more general role 
in regulating the homeostasis of myeloid-derived cells. 

As a consequence of the selective loss of CDllb^CD8a^ 
cDCs under conditions of RA signaling deprivation, whether 
through dietary or pharmacologic means, there was an inver- 
sion in the physiological ratio of the two splenic cDC popu- 
lations (Fig. 1, C and D), leading to a predominance in the 
CDllb^CDSa"'' subset. In the case of the VAD mice, this 
defect was partially rescued within 5 d by provision of exog- 
enous RA (Fig. 1, C and D). These differences in the respon- 
siveness of the CDllb^CD8a~ cDCs to RA signaling relative 
to the CDllb~CD8a''" subset correlated with systematic dif- 
ferences in RARa and RAR7 receptor isoform expression 
from FACS-sorted cDC subsets (Fig. 2, A and B). 



To evaluate whether an acute loss of RA signaling caused 
discernible defects in either the survival or propagation of 
mature splenic cDC subsets, we evaluated staining for the 
apoptosis marker annexinV and the proliferation marker Ki67 
in cDC populations from Ctrl diet mice treated for 10 d either 
with vehicle Ctrl or BMS493.We found that in the setting of 
having an altered ratio of CDl lb+CD8a" to CDllb-CD8a+ 
cDCs (Fig. 3 A), there were no significant differences in either 
annexinV staining or Ki67 for a given subset in mice treated 
with BMS493 relative to those treated with the vehicle Ctrl 
(Fig. 3,B and C). We therefore conclude that either acute or 
chronic deprivation in RA signahng causes a selective loss in 
CDl lb^CD8a^ cDCs in the spleen, leading to an inversion of 
the physiological balance between the CDllb^CDSa^ and 
CDllb'CDBa"'" subsets. This defect was not attributable to a 
deficiency in the immediate hematopoietic progenitor of both 
cDC subtypes, the pre-cDC, nor the survival or proliferation 
of mature cDC subsets. 
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Figure 3. Acute deprivation of RA signaling alters splenic cDC 
composition without impacting subset proliferation or survival. Mice 
fed a normal (Ctrl) diet were injected (i.p.) daily for 10 d with a pan-RAR 
antagonist (220 pg BMS493) or DMSG vehicle Ctrl. Spleens from treated 
mice were then harvested and analyzed by flow cytometry by gating on 
live cDCs (CDl1cf''9h|-A/E+). (A-C) Scatter plot showing the ratio of splenic 
CD11b+CD8a-/CDl1b-CD8a+ cDCs (A) and bar graphs demonstrating the 
frequency of either annexin V surface (B) or Ki67 intranuclear staining 
(C) in gated cDC subsets from Ctrl diet mice treated either with BMS493 
or DMSG; n = 4 mice per group. Results from one of two representative 
experiments are shown. Bars indicate means ± SEM of individually evalu- 
ated mice. **, P < 0.01 (unpaired Student's ttest). 
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Figure 4. Deprivation of RA signaling causes a selec- 
tive loss in the splenic CD11 b+CD8a-Esam''i9'' cDC 
population. Mice fed either VAD or normal (Ctrl) diets were 
left untreated or received daily (i.p.) injections of 250 pg RA, 
a pan-RAR antagonist (220 ^g BMS493), or DMSO vehicle 
Ctrl. After 10 d, spleens from treated mice were harvested 
and analyzed by flow cytometry. (A) Representative FACS 
plots showing the gating strategy and frequency of splenic 
cDC (CDl1c'''9N-A/E+) subsets, including the frequency of 
CD11b+CD8ct"Esam^'9^ cDCs, in mice maintained on either 
Ctrl or VAD diets. The frequency of Esam'^'a'' cells (vertical 
gray line) is based on isotype Ctrl staining. (B and C) Scatter 
plots showing the frequency of splenic CDIlb+Esam'^'s'' 
cDCs among all CD11b+ cDCs (B) and absolute numbers of 
CDIIb+Esam*"* and CDIIb+Esam'™ cDCs from Ctrl diet, Ctrl 
diet + RA, VAD diet, or Ctrl mice treated with BMS493 (C); 
n = 2-7 mice per group. All panels shown are the pooled 
results of two independently performed experiments. 
Horizontal bars indicate means ± SEM of individually 
evaluated mice. *, P < 0.05; **, P < 0.01 ; ***, P < 0.001 
(unpaired Student's f test). 



Deprivation of RA signaling causes a selective loss in the 
splenic Esam'^is'^CD1 1 b+ and SILP CD1 1b+CD103+ cDC subsets 

Recently, Lewis et al. (2011) reported significant genetic, 
phenotypic, and functional heterogeneity within the splenic 
CDllb^CDSa^ cDC compartment discernible by the pres- 
ence or absence of expression of Esam (endothelial cell- 
selective adhesion molecule), an immunoglobulin superfamily 
adhesion molecule. Whereas the CDllb^Esam''*'' population 
identifies a Notch-dependent, pre-cDC— derived cDC sub- 
set that excels at CD4^ T cell priming, the CDllb+Esam'°"' 
population corresponds to a Notch-independent, monocyte- 
related cDC subset that possesses a superior capacity to release 
inflammatory cytokines such as TNF and IL-12. To deter- 
mine whether deprivation of RA signaling impacted one or 
both of these splenic CDllb^ cDC subsets, we evaluated the 
expression of Esam within the CDllb^ cDC compartment 
in mice maintained on the Ctrl diet, VAD diet, or Ctrl diet 
in combination with BMS493. Consistent with the original 
description of the Esam-expressing splenic cDCs (Lewis et al., 
2011), we found that roughly 70% of CDllb+ cDCs in Ctrl 
diet mice also coexpressed high levels of this surface marker 
(Fig. 4 A). In VAD mice, there was a significant loss in the 
fractional percentage of CDllc'"s4-A/E^ cDCs attributable 
to a reduction in both the fractional percentage and absolute 
numbers of splenic CDllb+CD8a"Esani'"f;'> cDCs (Fig. 4, B 
and C). In contrast, the CDllb*CD8a^Esam'°™ population 
remained numerically unperturbed. These findings were 
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recapitulated in mice acutely deprived of RA signaling using 
the pharmacologic antagonist BMS493. Conversely, provi- 
sion of supplemental RA to mice maintained on the Ctrl diet 
caused a modest but significant increase in the percentage 
of CDllb+CD8a"Esam''iB'' cDCs among the total CDllb+ 
subset and also increased the absolute numbers of both the 
splenic CDllb+Esam^igh and CDllb+Esam'°" cDCs. Collec- 
tively, these data revealed that RA levels control the homeo- 
stasis of a specific pre-cDC— derived splenic cDC subset, the 
recently identified CDllb^CD8a~Esam'"s'' population. 

Outside of the spleen, tissue-specific factors are known to 
regulate the differentiation and composition of cDC subsets in 
organs such as the peripheral LNs and intestinal mucosa (Caton 
et al, 2007; Lewis et al, 201 1; Gatto et al, 2013).We therefore 
next sought to determine whether RA was required for cDC 
development in these organs. Three phenotypically distinct 
cDC populations reside within the SILP of the gut, charac- 
terized in part by their expression pattern for the integrins 
CDllband CD103:the CDllb+CD103+, CDllb-CD103+, 
and CDllb+CD103- subsets (Sun et al, 2007; Bogunovic 
et al., 2009;Varol et al, 2009). DevelopmentaUy, the gut- 
associated CDllb+CD103+ and CDllb-CD103+ popula- 
tions are analogous to the splenic CDllb^CD8a^Esam'"8h 
and CDllb~CD8a''' cDCs insofar as each of these subsets 
are derived from the progeny of pre-cDCs (Bogunovic et al., 
2009;Varol et al, 2009; Satpathy et al, 2012). In contrast, 
mucosal CDllb+CDlOS" cDCs, like the splenic CDllb+ 
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CD8a Esam'°"' subset, are of monocytic origin (Varol et al., 
2007; Bogunovic et al., 2009;Varol et al, 2009; Satpathy et al, 
2012). Moreover, recent bioinformatic analyses have demon- 
strated that the small mtestine CDl lb+CD103+ and CD 1 lb" 
CD 103* cDC subsets are genetically orthologous to the 
splenic CDllb+CD8a" and CDllb"CD8a+ cDC subsets, 
respectively, whereas the splenic CDllb^CDBa^Esam'""' and 
mucosal CDllb*CD103" populations cluster more closely to 
monocytes (Lewis et al., 2011; Miller et al., 2012). We found 
that deprivation of RA signaling in mice maintained on the 
VAD diet or the Ctrl diet treated with BMS493 exhibited a 
significant loss in both the fractional percentage and absolute 
numbers of the CDllb+CD103+ cDCs (Fig. 5,A-C). Recip- 
rocally, we observed an increase in the pre-cDC— derived 
CDllb~CD103^ subset. These changes could be partially 
rescued by provision of a short course of exogenous RA. In 
contrast, the monocyte-derived CDllb^CD103" population, 
like the splenic CDllb+CDSa^Esam'"" subset, was not im- 
pacted by the presence or absence of RA signaling. In con- 
trast, we found that neither the absolute numbers nor the 
ratio of tissue-resident CDllb+CD8a- and CDllb-CD8a+ 
cDCs taken from inguinal LNs (iLNs) ofVAD mice were altered 
relative to that of Ctrl diet mice (Fig. 6,A— C). Collectively, 
we conclude that either acute or chronic deprivation in RA 
signahng causes a tissue-specific loss in the pre-cDC— derived 
splenic CDl lb+CD8a"Esani'"e'' and SILP-associated CDl lb+ 
CD103+ cDCs but not the monocyte-derived CDllb+CDBa" 
Esam'""- nor the CDl lb^CD103 populations. 

Total body irradiation (TBI) induces an acute VAD state 
and a loss in RA-dependent cDC subsets 

Higher animal species lack the capacity for de novo vitamin 
A synthesis. Consequently, vitamin A must be absorbed en- 
tirely through the diet to maintain physiological levels, a pro- 
cess which occurs primarily in the small intestine (Blonihofi 
and Blomhoff, 2006; Mora et al, 2008; Hall et al, 2011b). 
Because TBI, a component of standard preparative regimens 
used to facilitate autologous and allogeneic stem cell trans- 
plantations (Copelan, 2006) and experimental immunothe- 
rapies (Klebanoff et al., 2005; Dudley et al., 2008), causes 
significant injury to both the small and large intestines (Trier 
and Browning, 1966; Paulos et al., 2007), we next evaluated 
whether such conditioning could induce aVAD state in both 
humans and mice. We found that patients with metastatic 
melanoma receiving TBI as part of an autologous adoptive 
T cell transfer (ACT) immunotherapy (Dudley et al., 2008) 
developed a time-dependent loss in circulating levels of reti- 
nyl ester (RE), the primary form of vitamin A as it enters 
circulation after absorption from the gut (Fig. 7 A; Blomhoff 
and Blomhoff, 2006; Hall et al, 2011b). The degree of RE 
loss correlated with the magnitude of weight loss experi- 
enced by this cohort of patients, implying a relationship 
between the ability to absorb dietary-derived nutrients and 
vitamin A sufficiency (Fig. 7 B). These findings were con- 
firmed in mice receiving TBI in which serum levels of 
both RE and RA itself were significantly depleted relative to 
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Figure 5. Deprivation of F!A signaling causes a selective loss in the 
SILP CDl 1 b+CD103+ cDC subset. Mice fed either VAD or normal (Ctrl) 
diets were left untreated treated or received daily (i.p.) injections of either a 
pan-RAR antagonist (220 pg BMS493) or DMSO vehicle Ctrl for 10 d. In 
addition, a subset of VAD mice were injected (i.p.) every 48 h with 250 pg 
exogenous RA or DMSO Ctrl for a total of three doses with analysis per- 
formed on day 5. Cells from the SILP were then harvested, and live gut- 
associated cDC (CD45-CD11cf'i*|-A/E+) subsets were analyzed by flow 
cytometry. (A-C) Representative FACS plots (A) and scatter plots showing 
either the fractional percentages (B) or absolute numbers (C) of SILP 
CDl 1b+CD103+, CDl 1b-CD103+, and CDl 1b+CD103- cDC subsets from Ctrl 
diet, VAD diet, Ctrl diet + RA, or Ctrl mice + BMS493; n = 3-16 mice per 
group. All panels shown are the pooled results of at least two independently 
performed experiments. Horizontal bars indicate means ± SEM of individu- 
ally evaluated mice. **, P < 0.01 ; ***, P < 0.001 (unpaired Student's ttest). 

nonirradiated Ctiis to a level comparable to that ofVAD diet 
hosts (Fig. 7 C). 

To explore whether acute, irradiation-induced vitamin A 
deficiency led to changes in the composition of splenic cDCs, 
we performed immuiiotyping of spleen-derived cDC subsets 
10 d after TBI. Consistent with the phenotypes of both the 
VAD diet and RAR inhibitor— treated mice, we found that 
TBI resulted in a loss in the fractional percentage of splenic 
CDllb+CD8a" relative to CDllb"CD8a+ cDCs (Fig. 7 D). 
Provision of exogenous RA (Fig. 7, D and E) or a synthetic 
RARa-specific agonist (not depicted) restored the physi- 
ological ratio of CDllb+CD8a- to CDllb-CD8a+ cDCs, 
confirming that the cDC defect observed in irradiated hosts 
was caused by an acquired I\A deficiency. Finally, we evaluated 
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diets and spleens (Spin) and ILNs from these mice were harvested and analyzed by flow cytometry. (A) Representative FACS plots showing the gating 
strategy and fractional percentage of tissue-resident cDC (CDl Ic^'^l-A/E'"*) CDl lb+CD8a- and CD11b-CD8oi+ subsets from the ILNs of VAD and Ctrl diet 
mice. [B and C) Scatter plots showing the absolute numbers (B) and ratios of tissue-resident CD1 1b+CD8oi" to CD! 1b"CD8a+ cDC subsets (C) in the ILNs 
and Spins of VAD and Ctrl diet mice; n = 3 mice per group. Data shown represent the pooled results of two independently performed experiments. 
Horizontal bars indicate means + SEM of individually evaluated mice. *, P < 0.05; **, P < 0.01 (unpaired Student's f test). 



the absolute numbers of splenic cDC subsets after TBI in 
mice treated with ACT. As previously reported, TBI caused 
an acute loss in multiple hematologic cell types, including 
both splenic cDC subsets (Zhang et al., 2002). However, 
although CDl Ib^CDSa'*' cDCs reconstituted spontaneously 
2 wk after TBI conditionmg, the CDllb+CD8a- cDC sub- 
set did not rise above their nadir unless exogenous RA was 
provided (Fig. 7 F). 

Earlier, we demonstrated that deprivation of RA signal- 
ing either by dietary or pharmacologic means caused a selec- 
tive depletion of a specific subset of splenic CDllb* cDCs 
identified through the coexpression of the surface molecule 
Esam. To determine whether TBI-induced vitamin A deple- 
tion also resulted in a defect in the CDllb^CDSa^Esam'^'s'' 
population, we administered titrated doses of TBI to mice to 
produce a graded deficiency in the circulating retinoids RE 
and RA (Fig. 8, A and B) and evaluated the composition of 
splenic cDCs 10 d later. We observed that irradiation caused a 
dose-dependent loss in the CDllb^CD8a^Esani'"s'' popula- 
tion (Fig. 8, C and D). Moreover, we found that the loss in 



the fractional percentage of this population significantly cor- 
related with contemporaneously evaluated values of serum 
RE (Fig. 8 E). Finally, we evaluated the complement of cDC 
subsets in the SILP of mice who received 6 Gy TBI or sham 
treatment. Similar to findings made in the spleen, we found 
that irradiation caused a selective deficiency in the absolute 
numbers of the RA-depeiident CDllb^CD103* subset but 
neither the CDllb-CD103+ nor CDllb+CD103- popula- 
tions (Fig. 8, F and G).We therefore conclude that TBI induces 
an acute vitamin A— depleted state in both humans and mice. 
Correlated with this state and recapitulating findings made in 
mice deprived of RA signaling by dietary or pharmacologic 
means, we found that irradiated mice exhibit a selective defi- 
ciency in the RA-dependent splenic CDllb^CD8a^Esam'"s'' 
and SILP-associated CDllb+CD103+ cDCs. 

Relative levels of RA signaling dictate pre-cDC 
commitment between opposing cDC subsets 

To gain greater insight into the mechanism by which RA in- 
fluences splenic cDC composition, we FACS sorted naturally 
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Figure 7. TBI induces an acute vitamin 
A-depleted state in humans and mice and 
a reversible loss in splenic CD1 1b+CD8a~ 
cDCs. Patients with metastatic cutaneous 
melanoma and mice maintained on a nor- 
mal (Ctrl) diet bearing B16 melanoma 
tumors received blood draws before and 
after TBI. (A and B) Quantification of serum 
RE levels (A) and correlation of serum RE levels 
with fractional changes in body weight (B) in 
patients with metastatic melanoma before and 
after receiving TBI conditioning for autologous 
ACT immunotherapy; n = 3-8 patients/time 
point. (C) Quantification of serum RE and RA 
levels in Ctrl diet tumor-bearing mice 10 d 
after receiving sham treatment or TBI and non- 
irradiated VAD diet mice; n = 5-8 mice per 
treatment condition. (D and E) Representative 
FACS plots showing splenic cDC (CD11c''i9''l-A/E+) 
CDl 1b+CD8oi- and CDl 1 b-CD8a+ subsets 
(D) and scatter plot showing the ratio of 
CDl 1b+CD8a-/CD1 1b-CD8o(+ splenic cDCs in 
Ctrl diet mice 10 d after receiving TBI or sham 
treatment and exogenous RA or DMSO with or 
without ACT (E); n = 7-15. (F) Absolute num- 
bers of CDl1b+CD8a- and CD11b-CD8a+ 
splenic cDCs after TBI conditioning and ACT 
treated with exogenous RA or DMSO; n = 3 
mice per data point. All data shown are repre- 
sentative of at least two independently per- 
formed experiments. Horizontal bars indicate 
means ± SEM of individually evaluated mice. 
*, P < 0.05; P < 0.01 ; *", P < 0.001 (unpaired 
Student's ftest). 



occurring CDllb+CD8a- and CDllb-CD8a+ cDCs that 
had reconstituted in vivo in TBI-conditioned, acutely VAD 
mice provided either DMSO vehicle Ctrl or exogenous RA. 
From these sorted cDC subsets, we performed whole tran- 
scnptome analysis. Consistent with the cDC phenotype of 
both the VAD hosts and mice receiving TBI, we found that 
the CDllb^CDSa" population demonstrated greater gene 
responsiveness to RA exposure in vivo, as measured by the 
number of unique genes significantly regulated up or down, 
relative to the CDllb^CDSa* subset (273 vs. 144 genes; false 
discovery rate P < 0.01; Table SI). In both subsets, transcripts 
for estabUshed target genes of RA signaling, such as Mnip9, 
AldhlaZ, Itgae, and Tgm2 (Blomhoff and Blomhoff, 2006), 
were significantly up-regulated with RA exposure, confirm- 
ing the activity of the exogenously administered vitamin 
(Fig. 9 A). Notably, although the CDllb+CD8a" subset re- 
quires signahng through the LT(3R (lymphotoxin (3 receptor) 
for its homeostasis (Kabashima et al., 2005; Lewis et al., 2011), 
we did not observe dynamic changes in the expression of 
RelB-dependent downstream targets of LT(3R signaling, such 
as Cdl9, Cd21, Cxcll2 (a.k.a. SDF-la), Cxcll3, and TnfsflJb 
(a.k.a. BAFF; Wu et al., 1998; Dejardin et al., 2002), with RA 
treatment in either subset (not depicted) . 



In Fig. 8, we showed that deprivation of RA signaling 
through TBI conditioning caused a selective loss in the 
splenic CDllb^CD8ct~Esam'"s'' cDC subset. To determine 
whether the loss in this subpopulation was evident geneti- 
cally, we next compared our niicroarray data with a group 
of signature genes reported by Lewis et al. (2011) to be 
highly enriched in either the Esam'"sh or Esam'°*' popula- 
tions (Fig. 9 B). Consistent with the phenotype of the re- 
maining CDl lb* cDCs that reconstituted in irradiated mice, 
we found that monocyte-specific genes characteristic of 
the Esani'°^ population, such as LySc, Lyz2, Csfir, and Ccr2, 
predominated. In contrast, the CDllb*CD8a" cDCs that 
reconstituted in irradiated mice rescued with exogenous RA 
expressed Esam'^'s'' signature genes such as Esam itself and 
the G protein— coupled receptor Qpr4. Overall, we found a 
highly significant (P < 0.001) association between the Esam'^sh 
versus Esam'°"' gene signature reported by Lewis et al. (2011) 
and the gene expression pattern of the CDl lb''^CD8a^ 
cDCs that reconstituted in irradiated mice given RA versus 
vehicle Ctrl. Only the expression of 2 out of 18 signature 
genes, Thll and Dtxl, were discordant between datasets. 
Together, these data provide further evidence that the RA- 
dependent, pre-cDC-derived CDl lb+CD8a"Esam'"8'^ cDC 
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Figure 8. TBI causes a dose-dependent reduction in circulating retinoids and a loss of RA-dependent cDC subsets in the spleen and gut. 

Mice maintained on a normal (Ctrl) diet were left untreated as Ctrls or received titrated doses of TBI, and blood, spleens, and cells isolated from the 
SILP were collected for analysis. (A and B) Serum measurements of RE (A) and RA (B) in Ctrl diet mice 10 d after receiving the indicated doses of TBI; 
n = 4-13 mice per condition. (C and D) Representative FACS plots (C) and scatter plot (D) showing the percentage of splenic CD1 1b+CD8a"Esam*''9^' cDCs 
(CD1 1c'"5''|-A/E+) among all CD1 1b+CD8oi" cDCs in mice maintained on a Ctrl diet who received either sham treatment or titrated doses of TBI 10 d prior; 
n = 4 mice per group. The frequency of Esam'"'*' cells (vertical gray line) is based on isotype Ctrl staining. (E) Linear regression analysis of the fractional 
percentage of splenic CD1 1b+CD8a"Esam'"9*' cDCs among total CD1 1b+CD8a" cDCs as a function of serum RE values in mice who received titrated doses 
of TBI. (F and G) Representative FACS plots (F) and absolute numbers (G) of SILP cDC subsets in mice maintained on a Ctrl diet who received either sham 
treatment or 6 Gy of TBI 10 d prior; n = 4 mice per group. All data shown are representative of two independently performed experiments. Horizontal bars 
indicate means ± SEM of individually evaluated mice. **, P < 0.01 ; ***, P < 0.001 (unpaired Student's t test). 



subset is lost in the setting of TBI conditioning, leaving the 
monocyte-derived CDl lb*CD8a^Esam'°^ population as 
the remaining CDllb^ cDC population. 

We next evaluated genes uniquely modulated by RA ex- 
posure in the CDllb+CDSa" but not the CDllb-CD8a+ 
cDC subset. Surprisingly, we found that genes encoding key 
lineage-associated transcription factors, C-type lectins, and 
other surface molecules associated with CDllb~CD8a^ cDCs, 
including IrfS, Chc9a, CD36, Thd, and even CD8a itself, were 
all significantly and uniquely down-regulated in CDllb^ 
CDBa^ cDCs upon RA exposure in vivo (Fig. 9 C). These 
findings, combined with our observations that pre-cDCs were 
numerically unaffected by vitamin A deficiency and that RA 
signaling did not impact either the survival or proliferation of 
mature cDC subsets, led us to postulate that relative levels of 
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RA signaling may influence the in vivo fate commitment of 
pre-cDCs in vivo. 

To test this hypothesis, we adoptively transferred congeiii- 
caUy distinguishable Ly5.2^ BM-derived pre-cDCs FACS sorted 
to >96% purity into nonirradiated LyS.l^ hosts and evaluated 
the composition of pre-cDC progeny in the spleen 6—7 d 
after transfer (Fig. 9, D and E).To evaluate the influence of 
RA signaling on the in vivo fate commitment of pre-cDCs, 
we transferred pre-cDCs into recipient mice maintained on a 
VAD or Ctrl diet in combination with either exogenous RA 
or BMS493. Consistent with earlier studies (Naik et al., 2006; 
Liu et al., 2009), the vast majority of progeny cells derived 
from pre-cDCs were CDllc"'"I-A/E^, confirming their re- 
stricted hneage potential to become cDCs (Fig. 9 E). More- 
over, as had also been previously demonstrated (Liu et al., 2009), 
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Figure 9. Relative levels of RA signaling 
determine the in vivo fate commitment of 
splenic pre-cDCs. (A) Normalized expression 
values of transcripts for establislned RA- 
responsive target genes in FACS-sorted 
splenic cDC {CD^^&'"3'^\-^|E+) subsets treated 
in vivo for 7 d with daily i.p. injections of RA 
or DMSO Ctrl during reconstitution after 6 Gy 
TBI conditioning; n = 4 biological replicates 
per condition. (B) Volcano plot comparing 
p-value versus fold change for microarray 
probes from FACS-sorted CD1 1b+CD8oi- cDCs 
reconstituted in vivo in mice treated with TBI 
conditioning and exogenous RA or DMSO Ctrl. 
Genes enriched in the CDl 1b+CD8c(-Esamf''9h 
and CI 1b+CD8a-Esami™ cDC subsets, as 
reported by Lewis et al. (201 1), are highlighted 
in red and black, respectively. Some character- 
istic genes are indicated. P < 0.001 (x^ test). 
(C) The ratio of expression (logj scale) of 
selected genes uniquely regulated by RA 
in vivo in the CD1 1 b+CDSa" but not 
CD1 1 b-CD8c(+ splenic cDC subset. (D and E) 
Isolation by FACS sorting (D) and splenic 
progeny of BM-derived Ly5.2+ pre-cDCs 7d 
after transfer into congenically distinguish- 
able LyS.I + nonirradiated host mice (E). FACS 
plots are shown after gating on viable cells 
with back-gated Ly5.2+ cells shown in red. 
(Fand G) Representative FACS plots (F) and 
scatter plot (G) showing the composition of 
Ly5.2+ pre-cDC-derived progeny and endog- 
enous cDC subsets in the spleens of nonirra- 
diated Ly5.1+ host mice maintained on a 
normal (Ctrl) diet, Ctrl diet -1- RA, Ctrl diet -1- 
BMS493, or VAD diet; n = 3-6 mice per treat- 
ment group. FACS plots demonstrating the 
distribution of endogenous cDC subsets and 
the progeny of transferred pre-cDCs are 
shown after gating on viable CDl 1c+l-A/E+ 
cells. Where indicated, donor mice were pre- 
treated with BMS493 for 10 d before pre-cDC 
collection. Bars indicate means ± SEM of indi- 
vidually evaluated mice. All data shown are 
representative of two to four independently 
performed experiments. *, P < 0.05; **, P < 0.01 ; 
*", P < 0.001 (unpaired Student's t test). 



the subset distribution of cDCs after pre-cDC adoptive trans- 
fer into Ctrl diet hosts did not precisely recapitulate the en- 
dogenous balance, with an even greater bias toward the CDl Ib^ 
CD8a^ subset than is physiologically observed (Fig. 9 F). 
We found that administration of supplemental RA to mice 



maintained on a Ctrl diet almost quantitatively induced the 
differentiation of pre-cDC progeny into CDl lb"'*CD8a^ 
cDCs whUe limiting the formation of CDllb^CDSa"*" cDCs 
(Fig. 9, F and G). Conversely, transfer of pre-cDCs into Ctrl 
diet mice administered BMS493 or mice maintained on the 
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VAD diet led to a significant enrichment in the CD 1 Ib^CDSa^ 
cDC subset relative to Ctrl mice (Fig. 9, F and G). Relative 
levels of RA did not impact pre-cDC engraftment as the re- 
covery of pre-cDC progeny was similar across all hosts tested 
(not depicted). 

To evaluate at what stage in pre-cDC development RA 
signaling influenced their capacity to form alternative cDC 
subsets, we isolated cells from mice treated for 10 d with 
BMS493. After confirming the in vivo activity of BMS493 in 
donor mice by measuring an altered splenic CDl Ib^CDSa"/ 
CDllb~CD8a* ratio (not depicted), we transferred these 
BMS493 conditioned pre-cDCs into Ctrl diet mice and eval- 
uated the distribution of their cDC progeny. In contrast with 
results obtained when pre-cDCs derived from Ctrl diet donor 
mice were transferred into BMS493-treated or VAD hosts, we 
found that pre-cDCs taken from BMS493-conditioned mice 
were not significantly impaired in their ability to form the 
CDllb'*'CD8a^ subset relative to pre-cDCs obtained from 
donor mice not deprived of RA signaling (Fig. 9 G). Collec- 
tively, we conclude that relative levels of RA signaling determine 
the in vivo fate commitment of splenic pre-cDCs between 
alternative cDC subsets such that under conditions of RA 
sufficiency, the progeny become predominandy GDI Ib^CDSa^ 
cDCs, whereas under conditions of RA signaling depriva- 
tion, a greater proportion differentiates into the CDllb^ 
CD8a* population. 

RA enhances class ll-restricted auto and antitumor 
immunity in mice rendered VAD tlirough TBI conditioning 

Mucosal injury after TBI conditioning for hematopoietic cell 
transplantation has been correlated with the acquisition of an 
immune-deficient state with systemic consequences. Func- 
tionally, this state includes a selective loss in the absolute num- 
bers and class II— restricted Ag presentation capacity of the 
splenic CDllb+CDSa" cDC subset (Markey et al.,2012).We 
sought to ascertain whether the selective deficiencies in the 
splenic CD 1 Ib+CDSa^Esam'^Bh and SILP-associated GDI lb+ 
CD103^ cDC subsets in the setting of acute vitamin A defi- 
ciency caused by TBI conditioning had an immunological 
impact on systemic cDC-dependent T cell immunity. There- 
fore, we transferred either Trp-1 or Pmel-1 CD4"'^ and GD8''' 
T cells, which recognize the shared melanocyte/melanoma 
differentiation Ags tyrosinase and gplOO in a class II— and class 
I— restricted fashion, respectively, into mice bearing established 
s.c. B16 melanoma tumors treated with TBI conditioning be- 
fore T cell infusion and assessed for ocular autoimmunity and 
tumor regression. In addition to T cells, treated mice also re- 
ceived concurrent vaccination with a recombinant vaccinia 
virus (rW) encoding cognate Ag and IL-2. 

Optimal induction of tumor regression and autoimmu- 
nity in both the Trp-1 and Pmel-1 model systems are vac- 
cine dependent (Overwijk et al., 2003; Muranski et al., 2008). 
We found that the fiill expansion of CD4+ and GD8+ T cells 
in response to rW vaccination was dependent on an intact 
CDllc^ Ag-presenting cell population as cDC depletion using 
the CDllc-DTR system significantly impaired the expansion 
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of both Trp-1 CD4+ and Pmel-1 CD8+ T cells (Fig. 10, A 
and B) . To determine the relative contributions of the splenic 
CDllb+CD8a- and CDllb-CD8a+ cDC subsets on vaccine- 
induced priming in our model systems, we FACS sorted each 
subset 36 h after systemic vaccination with rVV and probed 
the ability of these subsets to induce activation and CFSE 
dilution of naive Trp-1 CD4^ and Pmel-1 CD8^T cells ex vivo. 
Consistent with studies using the OVA model Ag to prime 
naive T cells in vivo (Dudziak et al., 2007; Lewis et al., 2011; 
Gatto et al, 2013), we found that the isolated GDI Ib+CDSa" 
cDG population was far more efficient at priming naive GD4''" 
T cell relative to the CDllb~GD8a''" cDG subset across a 
range ofT cell to cDG ratios (Fig. 10, C and D). In contrast, 
CDllb^CDSa"'" cDCs were uniquely able to cross present 
and activate naive Pmel-1 CDS'*" T cells. These findings were 
confirmed in vivo by demonstrating that the fuU proliferation 
of naive OT-II CD4* TCR transgenic T cells in response to 
full-length OVA protein vaccination was impaired in mice 
acutely depleted of the splenic CDllb^CD8a^Esam'"8'' and 
SILP-associated CDl lb+CD103+ cDC subsets using BMS493 
(not depicted). 

When self/ tumor-reactive T cells were transferred into 
mice rendered acutely VAD through TBI conditioning fol- 
lowed by rW vaccination, we found that provision of exo- 
genous BJV significantly augmented both ocular autoimmunity 
(Fig. 10 E) and tumor inmiunity (Fig. 10 F) mediated by 
CD4+T cells but not CD8+T cells. Notably RA administration 
alone had no impact on the kinetics of tumor growth. We 
conclude that provision of exogenous RA to mice rendered 
acutely VAD through TBI conditioning enhances class II— but 
not class I— restricted auto and antitumor immunity, correlating 
with the reconstitution of the CDllb^CD8a~ cDC subset, 
which possesses a superior ability to stimulate CD4^ T cells. 

DISCUSSION 

The cascade of progressively lineage-restricted hematopoietic 
progenitors leading to the formation of cDCs has substan- 
tially been resolved (Merad et al., 2013), including the recent 
identification of pre-cDCs as the immediate precursor of 
tissue-resident cDCs in both lymphoid (Naik et al., 2006; Liu 
et al., 2009) and nonlyniphoid peripheral tissues (Bogunovic 
et al, 2009; Ginhoux et al, 2009;Varol et al., 2009). However, 
the local environmental factors that regulate the final differ- 
entiation step of pre-cDCs between two functionally, anatom- 
ically, and genetically distinct subsets has remained unclear. 
Our data demonstrate that signaling mediated by RA, an ac- 
tivated form of the essential nutrient vitamin A, plays a critical 
role in maintaining the homeostasis of both the splenic CDllb^ 
CD8a~Esam''*'> cDC and its related counterpart within the 
SILP, the CDllb+CD103+ subset. Under conditions of RA 
signaling deprivation, whether through the chronic adminis- 
tration of a VAD diet or acutely through administration of 
a pan-RA antagonist or exposure to TBI, we observed a 
selective and RA-reversible defect in both of these subsets. 
In contrast, no deficiency in the pre-cDC— derived splenic 
CDllb"CD8a+ and gut-associated CDllb"CD103+ cDCs 
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Figure 10. RA selectively augments MHC class II- but not class l-restricted autoimmunity and antitumor immunity in mice rendered acutely 
VAD through TBI conditioning. Lethally irradiated (9 Gy) mice were reconstituted eitlner with WT BM (WT— >WT) or BM derived from CD1 Ic-diphtheria toxin 
receptor mice (CDllc-DTR— >WT). After reconstitution, radiation chimeras were treated with diphtheria toxin (DT), and 10^ naive Trp-1 CD4+ T cells or Pmel-1 
CD8+ T cells were adoptively transferred in combination with 2x10' PFU of an rW encoding cognate Ag for the transferred T cells. (A and B) Representative 
FACS plots showing depletion of splenic cDCs (CDl1c'^'8*'l-A/E+; A) and scatter plots showing the absolute number of transferred Trp-1 CD4+ T cells or Pmel-1 
CD8+ T cells in the spleen at the peak (day 5) of the immune response after vaccination (B); n = 4 mice per group. This experiment was repeated twice with 
similar results. (C and D) Representative FACS plots showing the proliferation of naive, Ly5.2+ CFSE-labeled Trp-1 CD4+ or Pmel-1 CD8+ T cells in response to 
stimulation with FACS-sorted LyS.U splenic CD11b+CD8a" and CD1 1b"CD8a+ cDC subsets isolated 36 h after in vivo vaccination with rWat a 1 :1 ratio (C) 
or at titrated cDC/T cell ratios (D). CFSE proliferation was measured on day 5 after stimulation after gating on live+, singlet*, LyS.I", Ly.5.2+, CD3+CD4+, or 
CD3+CD8+ cells. Data shown are representative of two independently performed experiments. (E) Ocular autoimmune pathology scores 14 d after mice were 
rendered acutely VAD in response to TBI conditioning followed by treatment with exogenous RA or DMSO Ctrl administered alone or in combination with 
transfer of 10^ Trp-1 CD4+ or Pmel-1 CD8+ T cells. Pooled results from two independently performed experiments are shown; n = 20-30 evaluated eyes per 
treatment group. Horizontal bars indicate means + SEM of individually evaluated eyes. *, P < 0.05; **, P < 0.01 (unpaired Student's ttest). (F) Treatment of 
10-d established s.c. B16 melanoma tumors in mice rendered acutely VAD in response to TBI conditioning treated with exogenous RA or DMSO Ctrl adminis- 
tered alone or in combination with transfer of 10^ Trp-1 CD4+ or Pmel-1 CD8+ T cells; n = 5 mice per treatment group. Data shown are representative of three 
independently performed tumor treatment experiments. Horizontal bars indicate means ± SEM of individually evaluated mice. * P < 0.05 (Wilcoxon rank 
sum). All mice treated in E and F received concurrent vaccination with rWand exogenous IL-2. 



was appreciated, nor was there a defect in the nionocyte- 
derived CDllb+CD8a-Esam'°^ and CDllb+CD103" sub- 
sets. The finding that BjV regulates the homeostasis of the 
splenic CDl lb*CD8a~Esam'"B'' cDCs was recendy confirmed 



in a separate manuscript by Beijer et al. (2013). Mechanistically, 
we found no evidence of a numeric pre-cDC defect in either 
the BM or spleen in VAD mice, nor did we observe any defects 
in survival or proliferation markers in mature cDC subsets 
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acutely deprived of RA signaling. Rather, we found that rela- 
tive levels of RA signaling were deterministic in influencing 
the pre-cDCs coniniitnient between alternative subsets. 

Vitamin A can have pleotropic effects on many cells 
throughout the body, particularly with chronic vitamin A 
deficiency present in aged mice maintained on a VAD diet. 
For this reason, we made use of two additional experimental 
modalities to induce an acute vitamin A deficiency and con- 
firm our findings made in mice maintained on the VAD diet. 
Specifically, we acutely deprived mice of RA signaling either 
through acute pharmacologic deprivation using the pan- 
RAR antagonist BMS493 or through induction of an acute 
VAD state through TBI. Although each of these approaches 
has their own potential for confounding variables, all three 
approaches gave the same experimental result: a selective loss 
in the splenic CDllb''"CD8a^Esam''*'> and gut-associated 
CDllb^CD103* cDC subsets. Moreover, provision of a short 
course of RA to either VAD mice over 5—7 d to rescue the 
cDC phenotype in these mice provided an additional specific- 
ity Ctrl as this intervention rescued the splenic and gut cDC 
phenotypes. Finally, by transferring the pre-cDCs, a highly 
purified and phenotypicaUy well-defined cell population, into 
vitamin A— replete and —depleted hosts, we identified the in- 
fluence of RA signaling as acting on a single cell subtype. 

Recently, two additional environmental factors besides 
RA have been identified that appear to influence the com- 
position of cDC subsets within the spleen. These include in- 
duction of Notch signaling via the Notch2 receptor by the 
delta-like ligands and related members (Caton et al., 2007; 
Sekine et al., 2009; Lewis et al., 2011) and signaling through 
the G protein-coupled receptor EBI2 mediated by its ligand 
7ct,25-dihydroxycholesterol (Gatto et al., 2013). Interestingly, 
mice with the DC-specific deletion in the Notch2 receptor 
also have a defect in the SILP-associated CDllb^CD103^ 
population but no defects in peripheral LNs, phenocopying 
the cDC defects present in mice with impaired RA signaling. 
Previous studies in developmental biology have demonstrated 
that RA may augment Notch signaling both by increasing 
ligand availability (Wingert et al., 2007) as well as expression 
of the Notch receptors themselves (Mitsiadis et al., 1995). 
However, whether RA is acting in such a manner in adult 
mice to control the composition of cDCs or rather is acting 
in a Notch-independent manner remains to be determined 
(Stock and Bedoui, 2013). 

We found that induction of mucosal injury through 
TBI caused an acute, dose-dependent VAD state in both 
mice and humans. In mice, this led to a reversible loss in the 
RA-dependent splenic CDllb+CDSa^Esam'^'Bh and SILP- 
associated CDllb'^CD103"'" cDC subset. These data therefore 
provide insight into a previously unrecognized mechanism by 
which TBI conditioning used in standard and experimental 
immunotherapies may induce unintended immunosuppres- 
sion. Mechanistically, it is hkely that radiation-induced muco- 
sal injury blocks the normal enterohepatic circulation of the 
retinoids by preventing their reabsorption in the distal small 
bowel even as the retinoids are continuously being released 
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at high concentrations through the bile (Jaensson-Gyllenback 
et al., 2011). Correlated with the selective loss of these DCs 
with enhanced class II Ag processing and presentation capac- 
ity after irradiation, we observed a loss in the efficacy of adop- 
tively transferred, vaccine-stimulated CD4^ but not CDS'^ 
T cells that was reversible with exogenous RA administration. 
Although we did not evaluate whether patients with irradia- 
tion-induced vitamin A depletion developed a circulating 
cDC defect in this manuscript, previous studies have demon- 
strated that RA and other RAR/B.XR agonists can induce 
the terminal differentiation and Ag presentation capacity of 
human immature DCs (Geissmann et al., 2003; Mirza et al., 
2006). Because RA is already an approved therapeutic reagent 
used to treat patients with a subset of acute myeloid leukemias 
(Tallman and Altman, 2009), these findings offer a potentially 
translatable clinical strategy to augment therapeutic vaccine- 
and T cell— based immunotherapies (Klebanoff et al., 2011a) 
and reverse irradiation-induced immune suppression. It wiU 
be of interest in future studies to determine whether other con- 
ditions that induce mucosal injury, such as parasitic worm in- 
fections (Gramger et al, 2013), HIV (Klatt et al., 2012), and 
graft versus host disease (Markey et al., 2012) may also induce a 
VAD state and an associated cDC-related immune deficiency. 

In summary, we found that RA, an activated form of the 
essential nutrient vitamin A, plays an essential role in main- 
taining the homeostasis of pre-cDC— derived cDC subsets 
in both the spleen and gut. This occurs as RA influences 
the differentiation of the pre-cDCs between alternative 
fate commitments. In contrast, cDCs that are derived from 
monocytes and not pre-cDCs are not influenced by relative 
levels of RA signaling. These data provide an example of 
how a tumor-bearing host's nutritional status with respect to 
a single nutrient can critically impact cell-mediated immu- 
nity and extend RA's role in tuning immunity to include the 
regulation of DC homeostasis at both mucosal surfaces and 
in the spleen. 

MATERIALS AND METHODS 

Mouse strains, diets, and TBI. Adult (6-12 wk old) female C57BL/6 
(Ly.5.2+), B6.FVB-Tg(ltgax-DTR/EGFP)57Lan/J (CDllc-DTR; Jung et al., 
2002), B6.Cg-T7iyiVCy Tg(TcraTcrb)8Rest/J (PmeH) CD8+ TCR 
transgenic (Overwijk et al., 2003), and B6.Cg-Ra^V"'^^'""Tyrpl^"^g{Tci:A, 
Tcrb)9Rest/J (Trp-1) CD4+ TCR transgenic mice (Muranski et al., 2008; 
Muranski et al., 2011) were aU purchased from The Jackson Laboratory. 
B6.SJL-Pfpr£*'/BoyAiTac (LyS.l^) mice were purchased from Taconic. VAD 
and vitamin A— sufficient mice were generated as previously described (ITaU 
et al., 2011a). In brief, beginning at day 14.5 of gestation, pregnant mice 
were initiated on either a VAD diet (TD.10991) or a similarly formulated 
Ctrl diet (20,000 lU vitamin A/kg; TD. 10992), both purchased from Harlan 
Tekland Diets. Upon weaning, pups were continued on the diet until use 
(typically >12 wk). Per the manufacturer's recommendations, diets were 
stored at 4°C until use and replaced in the feed hopper every 3—4 d. Vita- 
min A deficiency was confirmed in a subset of mice by serum retinoid quan- 
tification, as described below. Where indicated, mice received the indicated 
doses of sublethal TBI without BM rescue. AU mice were maintained under 
specific pathogen— free conditions, and animal experiments were conducted 
with the approval of the National Cancer Institute (NCI) and National Institute 
of Allergy and Infectious Disease Animal Use and Care Committees. 
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Quantitative RT-PCR and Western blot analysis of retinoid and 
rexinoid receptors from sorted cDC subsets. For quantitative RT-PCR 
analysis, cDC subsets were sorted directly into RNAprotect cell reagent, and 
RNA was extracted using the QiaShredders and RNeasy Mini kits (all from 
QIAGEN). cDNA was synthesized using the High Capacity RNA-to- 
cDNA kit (Applied Biosystems), and quantitative RT-PCR was performed 
on an ABI 7500 Fast instrument (Applied Biosystems) according to the man- 
ufacturer's protocol. Gene expression was quantified using commercially 
available probes targeting Cf/4, Cd8a, Kara, Rarb, Rarg, Rxra, Rxrb, and Rxrg 
(Applied Biosystems). For Western blot analysis, splenic cDC subsets were 
sorted into FCS and subsequently lysed in RIPA buffer (Cell Signaling 
Technology) containing protease inhibitor. Protein was quantified using the 
Bio-Rad Laboratories protein assay. We separated 30 g of total protein on a 
4—12% SDS-PAGE gel followed by standard immunoblotting with antibodies 
to RARa and RAR7 (Cell Signaling Technology), Gapdh (HMD Millipore) , 
and horseradish peroxidase— conjugated goat antibodies to mouse and rabbit 
IgG (Santa Cruz Biotechnology, Inc.). Blots were developed using chemilu- 
minescence (Thermo Fisher Scientific) and acquired using the ChemiDoc 
system (Bio-Rad Laboratories). 

BM chimeras and conditional depletion of CDllc-expressing cells. 

Generation of CDllc-DTR— >-Ly5.2 radiation chimeras were produced as 
described previously (Zanimit et al., 2005). For conditional depletion of 
CDllc-expressing cells, mice were administered diphtheria toxin (4 ng/g/d; 
Sigma Aldrich) beginning 3 d before cell transfer and vaccination and then 
every 3 d thereafter, also as previously reported (Zammit et al., 2005). Diph- 
theria toxin was dissolved in DMSO (Sigma-Aldrich) and stored in single- 
use ahquots at — 80°C. 

Quantification of serum retinoids in humans and mice. Whole blood 
from human patients and mice was collected in darkened rooms under yel- 
low light in serum separator tubes. Harvested specimens were placed on ice 
for 30 min to allow for clotting before serum separation by spinning at 
10,000^ for 10 min. Serum was drawn off using a glass pipette, and aUquots 
were transferred into sterile Eppendorf tubes and snap fiozen by immersion 
on dry ice before archiving in light-protected containers at — 80°C. REs and 
all-tmiis-ILA were extracted from serum as described previously (Kane et al., 
2008a,b). REs were quantified by HPLC-UV detection (Kane et al., 2008a). 
RA was quantified by LC-tandem mass spectroscopy (Kane et al., 2008b). 
Retinoids were handled under yellow Hghts using only glass /stainless steel 
pipettes, syringes, and containers. Results were nonnaHzed per serum vol- 
ume. Patient bio-specimen procurement was approved by the Institutional 
Review Board of the NCI, and participating patients provided written in- 
formed consent before participation in this study in accordance with the 
Declaration of Helsinki. 

Spleen, LN, and SILP cell preparation. Spleens and iLNs were harvested 
from the indicated mice strains or treatment groups. Spleens were infused 
with 1 mg/ml type II collagenase (200 U/mg; Worthington Biochemical) 
and 15 jj-g/ml DNase (Roche) dissolved in complete media prewarmed to 
37°C using 27 1/2-G needles (BD). After 10 min of incubation at 37°C, 
spleens and LNs were shredded and incubated for an additional 20 min at 
37°C and then homogenized to a single-cell suspension by pipetting. After 
passage through a nylon mesh filter, cells were rested for 5 min and washed 
twice in a l-niM EDTA-containing solution to disrupt DC~T cell com- 
plexes followed by removal of P^Cs using ACK lysis buffer (Gibco).All sub- 
sequent steps were performed at 4°C in a l-niM EDTA-containing solution 
of 0.5% (wt/wt) BSA (Sigma-Aldrich) dissolved in PBS. Isolation and analy- 
sis of DCs from the intestinal lamina propria was performed as described 
previously (Sun et al., 2007) with some modifications. In brief, after manual 
removal of Peyer's patches, small intestine segments were treated with me- 
dium containing 3% FCS and 20 mM Hepes (HyClone) for 20 min at 37°C 
with continuous stirring. Tissues were then further digested with 250 mg/ml 
Liberase TL (Roche) and 500 mg/ml DNase I (Sigma-Aldrich), also with 
continuous stirring at 37°C for 30 min. Digested tissue was forced through a 



Cellector tissue sieve (Bellco Glass, Inc.) and passed through 70- and 40-|j.m 
cell strainers. Cells were resuspended in 1.077 g/cm^ iso-osmotic NycoPrep 
medium (Accurate Chemical & Scientific Corp.), and the low-density fraction 
was collected after centrifugation at 1,650 g for 15 min. Viable cells were 
counted either with a Countess automated cell counter using trypan blue ex- 
clusion or using CountBright beads (both from Invitrogen). In some experi- 
ments, CDll cells were pre-enriched before additional analysis by incubating 
with anti-CDllc microbeads (Miltenyi Biotec) for 10 min in the dark at 4°C 
followed by staining with flu orochrome-conju gated cell surface markers and 
then passage through a MACS selection column (Miltenyi Biotec). 

RA agonists and antagonists. Where indicated, mice were administered 
either 250 )j.g per day of exogenous RA as previously described (Hall et al., 
2011a) or DMSO vehicle Ctrl (both purchased from Sigma-Aldrich) by daily 
i.p. injection. In experiments in which mice received TBI, RA dosing was 
begun on day 3 after conditioning. The pan-RAR antagonist BMS493 
(Tocris Bioscience) was administered at 220 |-ig per day as previously de- 
scribed (Kastner et al., 2001) by daily i.p. injection beginning 2 d before pre- 
cDC transfer and continuing until the day of progeny analysis or for 9—10 d 
for steady-state splenic immune subset evaluation. All reagents were dissolved 
in DMSO and stored in single-use aliquots at — 80°C. 

Pre-cDC isolation and adoptive transfer. BM-derived pre-cDCs were 
isolated as previously described (Liu et al., 2009) except for the following 
modifications: femurs and tibia of Ly5.2"^ mice were harvested and flushed, 
and RBCs were removed by ACK lysing buffer. After washing and filtering 
through nylon mesh, BM cells were pre-enriched for CDllc"^ cells as de- 
scribed above. After the positive fraction was eluted from columns (Miltenyi 
Biotec), propidium iodide was added, and viable pre-cDCs (B220~CD3~CD 
19-NKl.l-Terll9-CDllc+I-A/I-E-Flt3+Sirpa^0 were isolated to a purity 
of >95% by FACS sorting using a FACSAria (BD). In some experiments, 
pre-cDCs were derived from mice treated for 10 d with i.p. BMS493. Sorted 
pre-cDCs were washed twice with PBS before counting and transferring by 
i. v. injection 1.25—2 x 10^ cells into nonirradiated Ly5.1 hosts maintained on 
the indicated diets or given exogenous RA or BM493. Pre-cDC progeny in 
the spleen were evaluated 6—7 d after transfer as done previously (Bogi.inovic 
et al., 2009; Ginhoux et al., 2009; Liu et al., 2009). 

Flow cytometry staining and analysis. Spleen, LN, and BM-derived cells 
were isolated as described above and stained with fluorochrome-conjugated 
antibodies against combinations of the following surface Ags: B220 (RA3- 
6B2), CD3e (145-2C11), CD4 (GK1.5), CD8a (53-6.7), CD lib (Ml/70), 
CD16/32 (2.4G2), CD19 (1D3), CD45.1 (NDS58), CD80 (16-lOAl), 
CD86 (GLl), CD103 (M290), CD135/FIt3 (A2F10.1), CD172a/SIRPa 
(P84),H-2Db (KH95),Ki-67 (B56),NK1.1 (PK136),andTerll9 (TER-119; 
all from BD); CDllc (N418) and I-A/I-E (M5/114.15.2; both ftom Bio- 
Legend); and CD45 (30-Fll), CD45.2 (104), CD205 (205yekta), CD317/ 
mPDCAl (eBio927), F4/80 (BM8), Ly6C (HK1.4), and Ly6G (RB6-8C5; 
all from eBioscience). For examination of cellular proHferation, cells were 
treated with the Foxp3 staining kit (eBioscience) per the manufacturer's 
instructions after surface Ag staining followed by staining for Ki67. Apop- 
tosis was assessed using a fluorochrome-conjugated antibody to annexinV 
(556420; BD), also per the manufacturer's instructions. Cell viabiUty was de- 
termined using propidium iodide exclusion in FACS-sorting experiments or 
fixable live/dead (Invitrogen) for diagnostic experiments. Flow cytometric 
data were acquired using either a FACSCanto II or LSRII cytometer (BD), 
and data were analyzed with Flowjo version 7.5 software (Tree Star). 

Microarray analysis. DCs were pre-enriched from treated animals as de- 
scribed above and sorted into viable CDllc^ig'^I-A/I-E+CDl Ib+CDSa" and 
CDllc^"s'^I-A/I-E+CDllb-CD8a+ subsets to a purity of >97% using a 
FACSAria cell sorter (BD).To maintain RNA integrity, cells were directly 
sorted into a 50/50 mixture of RNAprotect reagent (QIAGEN) and FCS. 
Sorted cells were centrifuged for 15 min at 2,000 rpm, and the cells were 
lysed using RLT buffer (QIAGEN). Total RNA was isolated from cells using 
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RNeasy Mini kits (QIAGEN) per the manufacturer's instructions. The quality 
of total RNA was evaluated using RNA 6000 Nano LabChip (2100 Bioana- 
lyzer; Agilent Technologies). All samples had intact 18S and 28S ribosomal 
RNA bands with RIN numbers rangmg from 7.3 to 9.3 and RNA 260/280 
ratios between 1.9 and 2.1. Gene expression levels were determined using 
GeneChip Mouse Gene 1.0 ST arrays (Aifymetrix) according to the manu- 
facturer's protocols. Total tRNA (140 ng) was used as starting material for 
cDNA amplification and cRNA in vitro transcription (WT Expression kit; 
Anibion). cDNA fragments were labeled using the GeneChip WT Terminal 
Labeling kit (Affymetrix). Fragmented and labeled cDNA was hybridized on 
the arrays for 18 h according to the manufacturers directions. Arrays were 
stained and washed in the Fluidics Station 400 (Affymetrix) and scanned 
(Aftymetrix 7G). Arrays were preprocessed using Affymetrix's RMA-sketch 
procedures in Expression Console. One-way ANOVA was used to model 
each probe set and construct relevant pairwise comparisons. Differentially 
expressed probe sets were selected using a false discovery rate cutoff of 0.01 
without specifying a fold change criterion. The data discussed in this manu- 
script have been deposited in NCBl's GEO database and are accessible 
through the GEO series accession no. GSE41021. 

Assessment of ocular autoimmunity. Assessment of ocular autoimmu- 
nity was performed as described previously (Muranski et al., 2008; Palmer 
et al., 2008). In brief, eyes were enucleated at >3 wk after adoptive cell trans- 
fer, fixed in 10% formalin before embedding in methacrylate, and then sec- 
tioned along the papillary- op tic nerve axis. The tissue was hematoxylin and 
eosin stained, and ocular autoimmunity was evaluated by an ophthalmologi- 
cal pathologist masked to the treatment group who assessed for iridiocyclitis, 
choroiditis, and vitritus using the following scoring schema: none = 0, mild = 1 , 
moderate = 2, and severe = 3. The ocular autoimmunity score is presented as 
the sum of these three measurements. Bright-field images were acquired on 
an AF 6000 LX (Leica) using a lOx objective. 

Assessment of antitumor immunity. Female C57BL/6 mice at 6—12 wk 
of age were implanted by s.c. injection with 4 x 10^ B16 (H-2b) cells, a 
spontaneous gplOO''"/Trp-l"^ mouse melanoma cell line obtained from the 
NCI tumor repository 9 d later, all tumor-bearing mice received condition- 
ing with 6 GyTBI. Irradiated mice received RA or vehicle Ctrl by i.p. injec- 
tion as described above. Treated mice received i.v. injection of 10^ Pmel-1 
CDS"*" or Trp-1 CD4"^ self/ tumor-re active T cells expanded in vitro for 6 d 
after enrichment by negative selection (Miltenyi Biotec) and activation under 
nonpolarizing conditions using 2 fig/nil each of plate-bound anti-CD3 and 
soluble anti-CD28 (both from BD) in complete media containing 4.4 ng/nil 
rhIL-2 (Novartis). Cells were administered in combination with 2x10'' PFU 
of previously described rWs encoding either hgplOO (rWhgplOO; Palmer 
et al., 2008) or Trp-1 (rWTrp-1; Muranski et al., 2008) along with 12 [xg/ 
dose of rhIL-2 administered twice daily by i.p. injection for a total of six 
doses (Klebanofl~et al., 201 lb). All tumor measurements were performed in a 
blinded fasliion. 

Statistics. The products of perpendicular tumor diameters were plotted as 
the mean ± SEM for each data point, and tumor treatment graphs were 
compared by using the Wilcoxon rank sum test. For aU other experiments, 
data were compared using an unpaired Student's t test or test. In all cases, 
p-values <0.05 were considered significant. AU statistics were calculated using 
Prism 5 software (GraphPad Software). 

Online supplemental material. Table SI, included as a separate Excel 
file, shows differentially expressed genes in CDllb"'"CD8a~ and CDllb" 
CD8a"^ cDC subsets reconstituted after TBI in the presence of RA or ve- 
hicle Ctrl. Online supplemental material is available at http://www.jem.org/ 
cgi/content/full/jem.20122508/DCl. 
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